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Introduction
Interferon-gamma (IFN-γ) is a cytokine predominantly produced by activated T cells and large granular lymphocytes such as NK cells. More recently, IFN-γ has also been found to be expressed in murine peritoneal macrophages and mast cells, human eosinophils, keratinocytes and primary B cells [1] [2] [3] [4] [5] . In vivo, IFN-γ functions as both a proinflammatory effector and a regulator and plays a central part in a diverse array of immunological processes such as inflammatory reactions, cell-mediated immunity and autoimmunity. Irregularities in IFN-γ expression have been implicated in the pathogenesis of a variety of human disorders [6] . Agents capable of modulating IFN-γ expression are being considered as potential therapeutics for such diseases.
To maintain a proper IFN-γ-expression profile, IFN-γ expression in T cells is subject to both positive and negative regulation [7] . Regulation of IFN-γ expression involves mechanisms at pre-transcription, transcription and posttranscription levels. Transcription factors known to affect IFN-γ expression include T-bet, NF-AT, NF-κB, YY1, AP-1 and STAT4 [8] [9] [10] [11] [12] [13] [14] [15] . Compared to IFN-γ transcription activators, repressors of IFN-γ transcription have been less widely reported. Recent findings have unveiled an inhibitory role of peroxisome proliferator-activated receptor gamma (PPARγ) in regulating the expression of IFN-γ [16, 17] . However, the detailed molecular mechanisms have yet to be fully revealed.
Prospero-related Homeobox (Prox1) has been reported to be predominantly expressed in lens, heart, liver, kidney, npg spleen, skeletal muscle, pancreas and central nervous system [18] . Previous studies using mainly knockout mice have shown that Prox1 plays an essential role in lymphatic vasculature development [19] and is also involved in the development of lens, kidney and liver [20] [21] [22] . Although Prox1 is a key regulator in development, very few target genes whose expression is directly affected by Prox1 have been reported. Work conducted by our lab and another group showed that, in adult hepatocytes, Prox1 acts as a corepressor of the nuclear receptor liver receptor homologue 1 (LRH-1) to regulate cholesterol catabolism [23, 24] .
The expression or function of Prox1 in T cells has not been reported previously. In this study, we report for the first time the expression of Prox1 in primary human CD4+ T cells and cultured Jurkat T cells. In activated Jurkat T cells, Prox1 down-regulates IFN-γ expression by repressing the activity of the IFN-γ promoter. Our results also suggest that repression of IFN-γ expression by Prox1 is largely dependent upon its interaction with PPARγ. Implications of these findings for Prox1 in vivo functions and IFN-γ expression regulation are discussed.
Results

Prox1 expression in T cells correlates negatively with the expression of cytokines related to T cell activation
In our study of Prox1 functions, Prox1 was found to be expressed in T lymphocytes, including human PBMCs, primary CD4+ T cells and cultured Jurkat T cells using RT-PCR ( Figure 1A ). Prox1 expression in these cells has not been reported previously.
To identify possible roles played by Prox1 in T cell functions, a combination of PMA and ionomycin treatment was used to induce T cell activation and cytokine npg production [25] . Expression of Prox1 as well as cytokines expressed by activated T cells including IFN-γ and IL-2 was measured by RT-PCR in treated and untreated T cells ( Figure 1B ). In all three T cell preparations tested, Prox1 expression dropped significantly upon PMA/ionomycininduced activation, whereas expression of IFN-γ and IL-2 was markedly elevated, indicating proper T cell activation. The decrease in Prox1 expression was further confirmed by using anti-Prox1 antibody in Western blot ( Figure 1C ). These results demonstrate that in activated T cells Prox1 expression correlates negatively with the expression of IFN-γ and IL-2, and suggest Prox1 as a possible repressor of the expression of these cytokines.
Prox1 is a repressor of IFN-γ expression in Jurkat T cells
IFN-γ is one of the most important cytokines produced by activated T cells and plays a pivotal role in inflammation and many fundamental biological processes. Since Prox1 expression in T cells correlates negatively with IFN-γ expression, the possibility of Prox1 serving as a repressor of IFN-γ expression was investigated.
First, Prox1 was overexpressed in Jurkat T cells by transfecting with increasing amounts of Prox1 expression plasmid. Upon PMA and ionomycin treatment, secreted IFN-γ was measured by ELISA. As shown in Figure 2A , overexpression of Prox1 inhibited the production of IFN-γ in activated T cells in a dose-dependent manner.
In order to test whether Prox1 represses IFN-γ expres- sion through acting on its promoter, mouse (-296/+111, p296) and human (-538/+64, phIFN-538) IFN-γ promoter sequences were placed upstream of luciferase reporter gene and cotransfected with Prox1 expression plasmid into Jurkat T cells. As shown in Figure 2B , the activities of both mouse and human IFN-γ promoters were repressed by Prox1 overexpression. Because IFN-γ promoters are highly conserved among mammals [26, 27] , mouse IFN-γ promoter p296 was selected for more detailed studies. Similar to results obtained with endogenous IFN-γ expression (Figure 2A ), reporter analysis showed that IFN-γ promoter activity in activated Jurkat T cells was repressed by Prox1 in a dosedependent manner ( Figure 2C ). In order to further prove the inhibition of IFN-γ promoter by Prox1, reporter assay was performed in which endogenous Prox1 expression in Jurkat T cells was knocked down by overexpression of a Prox1-specific siRNA. As shown in Figure 2D , knockdown of endogenous Prox1 resulted in an almost 2-fold increase in IFN-γ promoter activity in stimulated Jurkat T cells. Taken together, these results demonstrate that Prox1 functions as a repressor of IFN-γ expression in T cells.
Prox1 is associated with IFN-γ promoter in Jurkat T cells
In order to probe the mechanism of Prox1 repression of IFN-γ promoter, Prox1 association with IFN-γ promoter is tested. Although Prox1 contains a conserved homeoprospero domain at its C-terminus, which is a putative DNA-binding domain (DBD), it has not been shown convincingly to bind directly to DNA of target genes. We also failed to observe a direct binding between Prox1 and IFN-γ promoter sequences (data not shown). However, chromatin immunoprecipitation (ChIP) assay using antiProx1 antibody not only proved the presence of Prox1 on IFN-γ promoter in Jurkat T cells, but also showed that such presence was significantly reduced upon T cell activation ( Figure 2E ). These results suggested that Prox1 associates indirectly with IFN-γ promoter through other proteins to exert its repressive effects.
Similar regions in the IFN-γ promoter mediate repression by Prox1 and PPARγ
Binding sites or responsive regions for many transcription factors and co-regulators have been characterized in the IFN-γ promoter. In order to identify proteins that might be involved in Prox1's association with and repression of IFN-γ promoter, we attempted to map Prox1 responsive regions on IFN-γ promoter using deletion mutants ( Figure  3A ). As shown in Figure 3B , the minimal IFN-γ promoter p124 [26] , which lacks binding sites for most reported upstream regulators, was repressed by Prox1 to the same extent as p296 (compare the middle bars in Figure 3B left panel and middle panel). Located within the minimal IFN-γ promoter are two conserved regions called distal conserved Figure 3A ). Because deletion of DCS and PCS from p124 renders the minimal promoter irresponsive to PMA and ionomycin treatment [16] , DCS and PCS were deleted from p296 to create p296△DP. Prox1 repressed p296△DP activity to a similar degree as it did on p296 or p124 (compare the middle bars in Figure 3B ). PPARγ is a nuclear receptor that has been identified as a trans-repressor of IFN-γ expression in Jurkat T cells [16] . Previous work by others and us has shown that Prox1 acts as a corepressor for another nuclear receptor LRH-1 by binding directly to LRH-1 to repress target gene transcription [23, 24] . This led us to speculate whether similar mechanisms exist between Prox1 and PPARγ in the repression of IFN-γ expression. To test this speculation, PPARγ repression of IFN-γ promoter deletion mutants in Jurkat T cells was tested. As shown in Figure 3B , PPARγ represses p296, p124 and p296△DP to a comparable degree (compare the right bars), which is similar to results obtained with Prox1. These data indicate that regions in the IFN-γ promoter important for both Prox1-and PPARγ-dependent repression localize to the minimal promoter and probably do not require the presence of DCS or PCS.
Prox1 interacts directly with PPARγ
Since similar regions of the IFN-γ promoter mediate 
Prox1-PPARγ interaction correlates with Prox1-mediated repression of IFN-γ expression
Deletions and mutations were introduced into Prox1 to map regions responsible for interacting with PPARγ ( Figure 5A ). As shown in Figure 5B , compared with fulllength wild-type Prox1, the N-terminal region of Prox1 (F1, aa 1-337) displayed weaker binding of PPARγ in GST pull-down assay, whereas the middle part of Prox1 (F2, aa 335-570) displayed only barely detectable binding. The C-terminal homeo-prospero domain of Prox1 (F3, aa 544-738) showed no binding of PPARγ at all. Mutation of two LXXLL-like motifs (aa70-74, aa93-97) in the N-terminal part of Prox1, which are required for Prox1 interaction with LRH-1, had no effect on its interaction with PPARγ. These results suggest that Prox1 interacts with PPARγ mainly using its N-terminal region but the two LXXLL-like motifs Figure 5C , Prox1 WT and DM, which displayed strongest binding for PPARγ ( Figure 5B ), are the most effective repressors. The weak PPARγ-binders, Prox1 F1 and F2, showed weaker repression corresponding to their respective affinity with PPARγ. Prox1 F3, which does not interact with PPARγ, showed no repression of IFN-γ promoter activity. Thus, Prox1 repression of IFN-γ promoter transcription is likely dependent upon Prox1-PPARγ interaction.
Prox1 repression of IFN-γ expression is attenuated by PPARγ antagonist
To further demonstrate PPARγ's involvement in Prox1-mediated repression of IFN-γ promoter, PPARγ antagonist GW9662 was used to treat Jurkat T cells prior to PMA/ ionomycin stimulation. Data shown in Figure 6A indicate that inhibition of PPARγ activity by GW9662 resulted in a significant de-repression of IFN-γ promoter activity (left) and the endogenous IFN-γ expression (right). The scale of de-repression was comparable to that obtained by knocking down Prox1 using siRNA. More importantly, combination of GW9662 treatment and Prox1-specific RNA interference failed to achieve significantly higher IFN-γ expression, compared to using either of them alone. In addition, ChIP assay showed that Prox1 association with endogenous IFN-γ promoter in stimulated Jurkat T cells was nearly abolished in the presence of GW9662 ( Figure 6B) . These results further demonstrate that PPARγ is actively involved in Prox1-dependent repression of IFN-γ promoter.
Discussion
Due to its key functions in innate and adaptive immune responses, IFN-γ expression is regulated by a vast array of protein factors functioning at pre-transcription, transcription and post-transcription levels. Studies of negative regulation of IFN-γ expression have mainly focused on epigenetic mechanisms such as chromatin remodeling and DNA methylation. In this study, we show that Prox1 is a novel negative regulator of IFN-γ expression in Jurkat T cells. Firstly, upon T cell activation, Prox1 expression quickly decreased while IFN-γ and IL-2 expression markedly elevated (Figure 1) . A similar pattern of reversely correlated Prox1 and IFN-γ expression levels was also observed in T cells from experimental autoimmune encephalomyelitis mice (data not shown), an animal model of human multiple sclerosis. Secondly, reporter analysis demonstrated that Prox1 represses IFN-γ promoter activity in a dose-dependent manner (Figure 2A-2D) . Finally, ChIP assay confirmed the association of Prox1 with IFN-γ promoter, which was significantly reduced upon T cell activation ( Figure 2E ). Prox1 was originally discovered as a mammalian homologue of the Drosophila melanogaster prospero. Despite its vital functions in the development of many organs and tissues and the fact that it possesses a putative homeoprospero DBD at the C-terminus, Prox1 has not been shown convincingly to bind directly to target gene DNA. Instead, previous work by others and our group has shown that Prox1 functions as a corepressor of nuclear receptor LRH-1 in the regulation of lipid catabolism-related genes [23, 24] . In such a regulation mechanism, Prox1 associates with target gene promoter through binding to LRH-1, which in turn directly binds to specific binding sites on the promoter. Since Prox1 also seems to associate with IFN-γ promoter indirectly and repress its transcription, we wondered whether similar mechanisms are involved.
PPARγ is another nuclear receptor that has been found to repress IFN-γ promoter [16] . Therefore, the possibility of PPARγ being involved in Prox1-dependent repression was investigated. Mapping of responsive regions for Prox1 and PPARγ on IFN-γ promoter showed that both Prox1-and PPARγ-dependent repression mainly localize to the minimal promoter (-124/+111), while the conserved DCS and PCS sequences probably are not involved (Figure 3) . We then went on to probe a possible physical interaction between Prox1 and PPARγ. Co-immunoprecipitation and GST-pull-down assays confirmed a direct binding between Prox1 and PPARγ ( Figure 4 ). By introducing deletions or mutations into Prox1, we were able to demonstrate a strong correlation between Prox1-PPARγ interaction and Prox1-dependent repression of IFN-γ promoter ( Figure 5 ). Furthermore, PPARγ antagonist GW9662 attenuated repression of IFN-γ promoter in activated Jurkat T cells. The extent of de-repression was not significantly different from that achieved by using Prox1-specific siRNA with or without GW9662 ( Figure 6A ). Correspondingly, ChIP assay also showed that GW9662 treatment resulted in an almost total loss of Prox1 association with the IFN-γ promoter ( Figure  6B ). Taken together, these results indicate that repression of IFN-γ promoter in Jurkat T cells by Prox1 involves PPARγ and is largely dependent upon a direct interaction between PPARγ and Prox1.
Detailed mechanisms of repression of the IFN-γ promoter by PPARγ and Prox1 remain to be fully revealed. As neither Prox1 nor PPARγ seems to bind directly to the IFN-γ promoter, their repression effect is therefore most likely achieved through other factors that directly bind to the promoter. Using artificial multimerized promoter sequences, Cunard et al. [16] reported that PPARγ repressed IFN-γ promoter through inhibiting the effects of transcription activator c-Jun, which was found to bind to DCS in the promoter. However, our results showed that repression by PPARγ is not significantly affected when DCS and PCS are removed from the promoter (Figure 3 ), indicating that c-Jun-related mechanisms may not play a major part in PPARγ-dependent repression. On the Prox1 side, its corepressor activity on other target genes has been attributed to the repression domain ( Figure 5A ), which has been reported to recruit histone deacetylase 3 (HDAC3) [24] . HDAC3 activity is related to negative epigenetic regulation of gene transcription. It is possible that HDAC3 might be involved in some way in the repression of IFN-γ promoter by Prox1/PPARγ. Such a possibility warrants detailed study and will be addressed in our future work.
In vivo functions of Prox1 have mainly been deduced from studies of knockout mice. Homozygous Prox1 knockout mice die prematurely in the womb due to many developmental defects [18, 19] . Interestingly, heterozygous Prox1 knockout mice also die soon after birth, suggesting that normal Prox1 function heavily depends upon dosage [20] . Only by crossing with NMRI mice were viable heterozygous Prox1 mice obtained at a one out of thirty ratio. In those few viable hybrid heterozygous mice, an increased number of inflammatory cells were observed in the mesothelial membrane [28] . As Prox1 is a master regulator in lymphatic vasculature development, such an observation has been explained as the result of developmental defects in lymphatic vasculature and leakage of immune cells. Based on our findings presented in this study, however, lowered expression of Prox1 in these heterozygous knockout mice might constitute another contributing factor by causing abnormal IFN-γ overexpression and IFN-γ-mediated proinflammatory effects. It would be interesting to examine the IFN-γ expression and reaction profile in such a mouse model and the results could shed new light on the in vivo functions of Prox1.
How Prox1 expression is down-regulated upon T cell activation to allow efficient IFN-γ production is another important question that remains to be addressed. T cell activation signals and/or their downstream messenger molecules might directly or indirectly alter Prox1 promoter activity through certain pathways. Future studies of Prox1 promoter and its transcription regulators will no doubt result in a better understanding of the molecular details of T cell activation.
Materials and Methods
Plasmids and reagents
Luciferase reporter under the control of mouse IFN-γ promoter (-296/+111, p296) is a generous gift from Dr Cunard. The minimal promoter (-124/+111, p124) [16] was then subcloned from p296 into pGL3-basic (Promega). p296△DP was obtained by introducing internal deletions of DCS (-114/-98) and PCS (-76/-51) into p296.
The human IFN-γ promoter (-538/+64, ph538) was kindly provided by Dr Wilson. For RNA interference of Prox1, coding sequences for Prox1-1830 siRNA (5′-AGT TCA ACA GAT GCA TTA C-3′) were inserted in hairpin format into pSuper (OligoEngine). Prox1 expression plasmids have been described previously [23] . The cDNA for PPARγ was obtained by RT-PCR and inserted into pcDNA3 (Invitrogen). For GST pull-down assays, PPARγ and Prox1 fragment (aa 1-337) were subcloned into pGEX-3X (GE Healthcare) for the production of GST fusion proteins. PMA, ionomycin and GW9662 were purchased from Sigma, Calbiochem, and Cayman Chemicals, respectively.
Transfections and reporter assays
Jurkat T cells (ATCC) were cultured in RPMI-1640 medium (Invitrogen). Transfections were carried out using Lipofectamine and Plus Reagent (Invitrogen) following the manufacturer's instructions. Reporter assays were performed as described previously [23] . Briefly, cells were typically cotransfected with 0.5 µg of a luciferase reporter plasmid, 0.4 µg of an expression plasmid and 0.5 µg of pCMV-lacZ (Invitrogen) encoding β-galactosidase as internal control for normalization of transfection efficiency [29] . At 24 h post-transfection, cells were treated with PMA (25 ng/ml) and ionomycin (1 µM) for 24 h. Each transfection was performed in duplicate dishes and repeated at least three times. The means±standard deviation (s.d.) of three experiments are presented.
Isolation of primary human CD4+ T cells
Human PBMCs were separated from heparinized peripheral blood from healthy volunteer donors with lympholyte-H (Cedarlane Laboratories) according to manufacturer's instructions. CD4+ T cells were isolated from PBMCs using Dynabeads CD4+ lymphocyte negative isolation kit (Invitrogen Dynal). Isolated CD4+ T cells were checked for viability (>95%) and subcultured in RPMI-1640 supplemented with L-glutamine, 50 µg/ml gentamycin and 10% heat-inactivated FBS (Invitrogen).
Cytokine ELISAs
IFN-γ in cell culture medium of transfected Jurkat T cells was measured using an ELISA kit (R&D Systems) according to manufacturer's instructions. In assays where endogenous Prox1 was knocked down by siRNA, transfected Jurkat T cells were first sorted by FACS on a BD FACSAria and cells expressing GFP encoded by the pSuper vector or pSuper-Prox1-1830 were used for subsequent treatment and IFN-γ measurement.
RT-PCR
Total RNA was extracted using TRIzol (Invitrogen) following manufacturer's instructions. PCR was performed using the following primer sets (forward/reverse). Prox1: 5′-AAC TAG GGA TAC CAC GAG TC-3′/5′-CTT CAC TAT CCA GCT TGC AG-3′; IFN-γ: 5′-TTC AGC TCT GCA TCG TTT TG-3′/5′-CTC TTT TGG ATG CTC TGG TC-3′; IL-2: 5′-ACC TCA ACT CCT GCC ACA AT-3′/5′-GCA CTT CCT CCA GAG GTT TG-3′; β-actin: 5′-CAA CTC CAT CAT GAA GTG TGA CG-3′/5′-ACT CGT CAT ACT CCT GCT TGC-3′.
GST pull-down assays
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S-methionine-labeled proteins were produced in vitro using TNT Quick Coupled Transcription/Translation System (Promega) according to manufacturer's instructions. GST fusion protein expression in Escherichia coli BL21(pLys) (Novagen) was induced by 0.1 mM isopropyl-β-D-thiogalactoside for 4 h at 37 ºC. Purification of GST fusion proteins and pull-down assays were performed essentially as described previously [23] . Each pull-down assay was carried out with 2 µg of a GST fusion protein and 10 µl of a labeled protein.
Co-immunoprecipitation
HEK293T cells were cotransfected with the expression plasmids of Prox1 and Flag-PPARγ using the calcium-phosphate precipitation method (7.5 µg DNA/100 mm dish). Co-immunoprecipitation was performed as described previously [23] . Immunoblotting of Prox1 and Flag-PPARγ (1/20 input) was performed using rabbit antiProx1 antibody (1:2 500 dilution, Upstate) and mouse anti-Flag M2 monoclonal antibody (1:5 000 dilution, Sigma) as primary antibody, respectively. HRP-labeled porcine anti-rabbit IgG (1:1 000, DAKO) or rabbit anti-mouse IgG (1:1 000, DAKO) was used as secondary antibody.
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed following a published protocol [30] . Briefly, chromatins were sheared by sonication (3 times, 10 s on, 60 s off). Precleared extracts were immunoprecipitated with rabbit antiProx1 antibody or rabbit IgG (Sigma) at 4 ºC overnight. DNA was isolated from precipitated complexes and analyzed by PCR using primers for human IFN-γ promoter (corresponding to-154 to +131): 5′-CTA ACT ACA ACA CCC AAA TGC CAC-3′/5′-CAT CGT TTC CGA GAG AAT TAA GCC-3′. An aliquot of total input nuclear extract was used as loading control.
